tion of noninactivating sodium channels (Lliná s and Sugimori, 1980), and this is the view embodied in mathematical models exploring the role of persistent current Summary in firing (e.g., Hutcheon et al., 1996a; Butera et al., 1999). However, in some neurons there is evidence suggesting A role for "persistent," subthreshold, TTX-sensitive that persistent current is somehow related to normal inacsodium current in driving the pacemaking of many tivating sodium current (see Crill, 1996 1996). I h old gating of the same sodium channels that underlie is not required for pacemaking, because block of this the phasic sodium current. This behavior of sodium current by extracellular Cs ϩ has no effect on firing, and channels may endow all neurons with an intrinsic proa role for persistent sodium current has been proposed pensity for rhythmic, spontaneous firing. 
Hz was evident from spontaneous action currents in cellBean, 1997), and neurons of the deep cerebellar nuclei attached mode before breaking the membrane for (Raman et al., 2000) . For many such neurons, it has been whole-cell recording. If an initial seal resistance of Ͼ5 hypothesized that pacemaking is driven by a "persis-G⍀ was obtained and maintained during breakthrough, tent" TTX-sensitive sodium current that flows steadily cells continued to fire spontaneously at a similar freat subthreshold voltages (e.g., Takakusaki and Kitai, quency on switching to current clamp in whole-cell 1997; Dickson et al., 1997; Bevan and Wilson, 1999;  mode. The average frequency of firing was 3.3 Ϯ 2.7 Hz Bennett et al., 2000; Butera et al., 1999). However, this (mean Ϯ SD; n ϭ 34). Action potentials recorded in proposal has been difficult to assess directly, because whole-cell current-clamp mode were broad, with an average width of 10.0 Ϯ 5.1 ms (n ϭ 28). The membrane potential between spikes was typically between Ϫ70 in brain slice (Lliná s and Alonso, 1992; Stevens and Haas, 1996) and isolated neurons (Uteshev et al., 1995) and suggest that these neurons use a mechanism of pacemaking that does not require I h . Ionic currents underlying pacemaking in excitable cells are small and difficult to characterize and quantify. Pharmacological block of pacemaking can test whether a given channel type is necessary but cannot quantify the current flowing during the pacemaking cycle. The ability to voltage clamp a cell whose pacemaking activity can first be recorded in current-clamp mode allows a direct, quantitative approach to this problem. To directly measure the ionic currents underlying pacemaking, we voltage clamped cells using as command voltage a segment of the cell's own pattern of spontaneous firing, an approach previously used for cardiac pacemaking cells (Doerr et al., 1989; Zaza et al., 1997) . When total membrane current was recorded without electronic compensation for capacitative current ( Figure 1A ), the current elicited by the command voltage was nearly zero, as expected; in this situation, ionic current and capacitative current should be exactly equal and opposite, as they are during a free-running action potential in an isopotential cell. To isolate ionic current, cell capacitance was compensated electronically. As expected, ionic current was inward during the rising phase of the action potential and outward during the falling phase. To determine the contribution of voltage-dependent sodium current to total ionic current, ionic current during the pacemaking cycle was compared before and after sodium current was blocked by the application of 1M TTX ( Figure 1B) . Sodium current was maximal during the upstroke of the action potential, and it accounted for the vast majority of the total inward current during the upstroke. In about half the neurons, TTX blocked all inward current elicited by the cell's action potential waveform. In the other half of the neurons, a small inward current during the lowing the spike (Ϫ70 mV for the cell in Figure 2 ), there was a TTX-sensitive inward current of Ϫ2 pA. In six cells and Ϫ60 mV (e.g., Figure 1A) . The firing rate, interspike studied with this protocol, the TTX-sensitive current at voltage, and broad action potentials are all characteristic the most negative voltage reached following the spike of histaminergic neurons previously studied in vivo (Reiner (which was Ϫ69 Ϯ 6 mV) amounted to Ϫ1.8 Ϯ 0.7 pA. and McGeer, 1987), in brain slices (Haas and Reiner, 1988;  As the interspike voltage slowly depolarized after the Lliná s and Alonso, 1992; Stevens and Haas, 1996), and trough, sodium current increased. TTX-sensitive current after dissociation (Uteshev et al., 1995) . To test whether was Ϫ2.0 Ϯ 0.8 pA at Ϫ60 mV, Ϫ3.1 Ϯ 1.4 pA at Ϫ55 I h was required for pacemaking, we applied 1-3 mM mV, Ϫ6.3 Ϯ 3.2 pA at Ϫ50 mV, Ϫ17 Ϯ 9 pA at Ϫ45 mV, extracellular Cs ϩ . In 16 of 17 cells tested, firing continand Ϫ50 Ϯ 36 pA at Ϫ40 mV (mean Ϯ SD, n ϭ 6). ued with little or no change in frequency. These results Figure 2B compares the magnitude of TTX-sensitive current during the interspike interval with the total ionic are consistent with previous experiments with neurons cell's capacitance and dV/dt is the first derivative of the voltage trajectory (Hodgkin and Huxley, 1952) . At voltages from Ϫ70 to Ϫ60 mV, the initial part of the interspike interval, the TTX-sensitive current is nearly as large (between Ϫ2 and Ϫ3 pA) as the total inward ionic current driving pacemaking. At least two other currents are likely to be significant during the initial interspike interval. One is the voltage-dependent potassium current underlying the repolarization of the spike, which presumably decays after the spike but could plausibly still contribute several pA of outward current for a short time after the trough, when the voltage is still 15-20 mV positive to the potassium equilibrium potential. Another is background "leak" current. When cells were silenced by application of TTX, resting potentials varied between Ϫ63 and Ϫ47 mV, with an average value of Ϫ53 Ϯ 6 mV (n ϭ 9, mean Ϯ SD). Average input resistance, determined by small (1-5 pA) hyperpolarizing current injections in the presence of TTX, was 4.8 Ϯ 1.4 G⍀ (n ϭ 5). Thus, in the range from Ϫ70 to Ϫ55 mV, the leak or background current would be inward and have a magnitude of several pA. Evidently these and any other currents sum to near zero in the voltage range from Ϫ70 to Ϫ60 mV in the early part of the interspike interval, since the TTX-sensitive inward current is very close to the net inward ionic current during this time. Positive to Ϫ60 mV, TTX-sensitive sodium current grows progressively larger than net inward ionic current; the outward current accounting for the difference is probably Slow ramps like that in Figure 3A are the conventional protocol for defining persistent sodium current, obtained by subtracting the currents with and without TTX. To compare the steady-state persistent sodium current defined by slow ramps with conventional transient sodium current, transient current was elicited in the same cell by 50 ms steps from Ϫ68 mV ( Figure 3B ). As previously noted in a variety of other cell types, the midpoint of activation of persistent sodium current (Ϫ55 mV for the cell in Figure 3C ) was considerably hyperpolarized compared to that of transient current (Ϫ28 mV).
The pacemaking activity of the cell considered in Figures 3A and 3B can be interpreted in terms of the steady and transient sodium currents measured in the cell. If there were no steady subthreshold sodium current, the cell would sit at a stable resting potential of Ϫ48 mV, the zerocurrent potential in the presence of TTX. However, the presence of additional steady TTX-sensitive inward current produces regenerative depolarization in the region ages reached during the pacemaking cycle, the interspike TTX-sensitive sodium current is not just steadyslightly depolarized compared to the average resting state persistent current but is somehow enhanced by the potential of Ϫ53 Ϯ 6 mV obtained in a different populadynamic changes in voltage during or following the action tion of cells studied in current clamp with TTX applied to potentials. Positive to Ϫ50 mV, interspike sodium curstop spontaneous firing, probably because the voltagerent was progressively larger than persistent sodium clamp measurements with ramps were typically percurrent (as defined by slow ramps), showing that sodium formed after more time had elapsed, after first making current is not at steady state during the interspike interrecordings in current clamp and recording transient soval but still has availability for activation of transient current with larger depolarizations. This allows the slow dium currents under voltage clamp.) The input resis-depolarization during the interspike interval to be followed by a sodium spike. In the cell of Figures 2 and 3D, peak sodium current during pacemaking was Ϫ400 pA, reached at Ϫ3 mV during the upstroke of the spike. Although this was only about 10% of the peak sodium current that could be elicited by steps from Ϫ68 mV in the same cell (peak, 4 nA near Ϫ10 mV), it is enough transient current to support the full-blown sodium spikes (overshooting to ϩ19 mV) generated during pacemaking.
Does the persistent sodium current arise from the same channels that underlie the phasic sodium current? In some neurons, it has been found that the noninactivating persistent sodium current has different sensitivity to TTX than phasic current, suggesting that the two come from different types of channels (Hammarströ m and Gage, 1998). We compared the TTX sensitivity of the persistent current (determined by slow ramps) with that of phasic current (determined by steps from Ϫ70 mV to Ϫ10 mV). Figure 4A shows the results of an experiment that tested the effects of 5 nM TTX on phasic current and persistent current. To avoid possible complications from use-dependent effects of TTX block (e.g., Patton and Goldin, 1991; Conti et al., 1996) and to determine effects on both types of current during a sin- The results from these experiments are consistent with a single population of channels underlying both types inactivation with such rapid entry is not common but, of current. interestingly, has been described previously for sodium A more direct test of whether the persistent current current in another kind of hypothalamic pacemaking comes from the same channels as phasic current was neuron, suprachiasmatic nucleus neurons (Huang, 1993) . suggested by a feature of the kinetics of recovery from Using 20 ms depolarizations to Ϫ10 mV, we found that inactivation ( Figure 5 ). Following inactivation of phasic slow inactivation was nearly maximal with ‫51ف‬ steps currents by a single 60 ms step to Ϫ10 mV, recovery delivered at 34 Hz (the interpulse duration of 30 ms from inactivation occurred in two phases, a fast phase corresponding to about one-and-a-half time constants with a time constant of about 20 ms at Ϫ70 mV and a for recovery from fast inactivation). slow phase with a time constant of about 700 ms at Ϫ70
We then asked whether slow inactivation induced by mV. With repeated short depolarizations to Ϫ10 mV, it conditioning trains affects the channels underlying the was possible to drive an increasing fraction of channels persistent current as well as those underlying the phasic into the slowly recovering pool. This process of slow current. To measure persistent current as rapidly as inactivation clearly originates from the sodium channels possible after the conditioning train (and thus minimize that underlie transient sodium current, since short (2 ms recovery from slow inactivation during the measureor 5 ms) depolarizations were nearly as effective as ment), we used ramps that began from Ϫ30 mV and longer (20 ms or 60 ms) depolarizations in driving the channels into slow inactivation (data not shown). Slow went in a hyperpolarized direction, following a 60 ms The kinetics of recovery from inactivation were assayed by a conventional two-pulse protocol. Inactivation was produced by a 60 ms step from Ϫ70 to Ϫ10 mV, voltage was returned to Ϫ70 mV for a variable length of time, and the extent of recovery from inactivation during that time was assayed by a second step to Ϫ10 mV. Recovery from inactivation occurred in a biphasic manner (open circles). When the protocol was preceded by a train of conditioning pulses, a larger fraction of channels was in the slowly recovering pool (filled circles). The conditioning train consisted of 14 20 ms pulses separated by 30 ms intervals at Ϫ70 mV. For both protocols, current during the test pulse was normalized to a test pulse with no preceding conditioning pulse (Ͼ10 s since last depolarization). Experimental points are fit with the sum of two exponential functions using the same time dium current. However, it is difficult to compare the two precisely, since there may be some recovery from slow inactivation during the ramp that measures persistent current (or, alternatively, there may be additional entry surement of persistent current. In collected results from four cells using this protocol, the conditioning train reinto slow inactivation during the beginning of the ramp, at depolarized voltages). Therefore, to quantitatively duced the persistent current during the ramp (measured at Ϫ40 mV) by 41% Ϯ 2% (mean Ϯ SD) and reduced compare the effects of slow inactivation on transient and persistent current, we ran the same voltage protothe transient current during the test pulse by 44% Ϯ 11%. Thus, putting channels into slow inactivation by a cols (both with and without conditioning trains) but with a test pulse to Ϫ10 mV inserted during the ramp, starting conditioning train has equivalent effects on the sodium channels generating transient current and on those genwhen ramp current reached Ϫ50 mV. This test pulse assayed the effect of slow inactivation on transient curerating persistent current. The simplest interpretation is that the same channels generate both currents. rent under conditions that closely paralleled the mea-These results suggest that a single population of channels passes both the transient current underlying the rapid upstroke of the spike and the persistent current flowing in between spikes to drive pacemaking. Vh)/k), with Vh ϭ Ϫ54.9 mV, k ϭ 4.8 mV. channels, but equilibrium binding is the same.) To satisfy the princi-(C) Experimental relationship between voltage dependence of perple of microscopic reversibility, the changes in rate constants for sistent current and of inactivation for sodium current in a TMN inactivation and recovery from inactivation must be accompanied neuron. Inactivation (closed black circles) was measured using a by complementary changes in activation and deactivation rate contest pulse current to Ϫ10 mV following a 1 s pulse to the indicated stants. For the states with the inactivation particle bound, activation prepulse voltage; peak test pulse current was normalized to that is enhanced and deactivation is slowed, so that activated states for a prepulse voltage of Ϫ90 mV. TTX-sensitive persistent sodium are stabilized by binding of the inactivation particle. Quantitatively, current (noisy blue line) was measured using a ramp from Ϫ70 mV activation rate constants are enhanced by the factor a, where a is to Ϫ20 mV at a rate of 20 mV/s. The voltage dependence of availabilthe fourth root of the ratio between inactivation rate constants with ity is fit with a Boltzmann curve with midpoint of Ϫ58. nels) would have an equilibrium of about 200:1 in favor of inactivation. This is as complete as has been experimentally measured for any cloned or native channels. Nevertheless, the model predicts steady currents that are large enough to account for the persistent sodium current that drives the firing of tuberomammillary neurons. An interesting feature of the persistent current predicted by the model is that its voltage dependence is very similar to that of steady-state inactivation. Both steady-state inactivation and persistent current reflect steady-state distributions of channel states promoted by increasing degrees of activation (in the sense of movement of gating charge). The midpoint of persistent current is predicted to be slightly depolarized ‫2ف(‬ mV) compared to that of inactivation ( Figure 7B ), since channels must activate completely to pass current but not for inactivation to occur. To test whether experimentally measured persistent sodium current has the predicted close similarity to inactivation, we measured the voltage dependence of persistent sodium current and the voltage dependence of inactivation in the same neuron (Figure 7C) . The experimentally measured persistent current shows the predicted relationship with the voltage dependence of steady-state inactivation, with a similar of current can arise from a single type of channel. The model predicts a continuum of inactivation behavior, from partial, slow inactivation for the smallest depolarsteps to subthreshold voltages in the range of Ϫ65 izations to very rapid and 99.5% complete inactivation to Ϫ50 mV can reasonably be interpreted as a necessary for large depolarizations. Figure 8 shows a comparison aspect of the behavior of "standard issue" sodium chanof experimental TTX-sensitive sodium current in a tunels rather than originating from a special channel type. beromammillary neuron with the predictions of the model To quantify the amount of steady-state sodium curfor small and moderate depolarizations of relatively long rent relative to transient sodium current as accurately (400 ms) duration. Signal averaging was used to improve as possible, we performed experiments in which 300 resolution of currents elicited by small depolarizations. nM or 1 M TTX was applied quickly (Ͻ1 s), with subtracIn both model and experiment, the kinetic behavior of tion of signal-averaged currents recorded immediately the sodium current changes in a continuous manner before and after. In one set of experiments, we signalfrom very slow and partial inactivation for the smallest averaged current elicited by 3 s ramps from Ϫ70 to Ϫ10 depolarizations to increasingly rapid and complete inacmV, with a preceding 60 ms step from Ϫ70 to Ϫ10 mV tivation for larger depolarizations. Both experimentally to measure peak transient current in each trace. In this and in the model, the time constant of decay changes series, maximal ramp-induced sodium current (reached dramatically with depolarization, from ‫05ف‬ ms at Ϫ60 near Ϫ40 mV) was Ϫ16 Ϯ 2 pA, peak transient current mV to ‫1ف‬ ms at Ͼ0 mV. This suggests that the noninactivating and slowly inactivating sodium currents seen with at Ϫ10 mV was Ϫ1478 Ϯ 815 pA, and the ratio of ramp current to transient current was 0.93% Ϯ 0.23% (mean Ϯ dependence of persistent current and that of steadystate inactivation of transient current. In the model, the SD, n ϭ 9). Another method of comparing steady-state voltage dependence of both derives from the same voltto transient current was to simply compare the TTXage sensors, and both persistent current and inactivasensitive current at the end of a 60 ms step from Ϫ70 tion reflect the steady-state occupancy of the various to Ϫ10 mV to the peak current. This was a more accurate states of the channel. Both experimentally and in the measurement, since signal-averaged series before and model, the midpoint of the persistent conductance is after TTX application could be obtained in less time. In several millivolts depolarized compared to that of inactithis series, peak transient current was Ϫ1259 Ϯ 519 pA, vation, reflecting the fact that channels can inactivate steady-state current was Ϫ9.6 Ϯ 5.1 pA, and the ratio without full movement of the gating charge. However, of ramp current to transient current was 0.73% Ϯ 0.12% the voltage dependence of the two is close enough that (mean Ϯ SD, n ϭ 19). Despite the fact that current magniat Ϫ60 to Ϫ45 mV (typical of the interspike interval), tudes varied over a factor of four from cell to cell, there significant persistent current flows while inactivation is was remarkably little variability in the ratio of steady to still incomplete, with enough sodium channels still availpeak current, consistent with the two currents arising able for transient current to support full-blown spikes from the same population of channels.
when threshold is reached.
The relationship between persistent current and the Discussion voltage dependence of availability of transient current may help rationalize the otherwise puzzling fact that Persistent sodium current is commonly defined operamany neurons operate at resting potentials where the tionally as steady, TTX-sensitive sodium current at voltmajority of sodium channels are inactivated. Viewed ages in the range of Ϫ60 to Ϫ40 mV. Such current was strictly from the standpoint of producing fast action pooriginally inferred from current-clamp behavior near tential upstrokes, it would be more efficient to have threshold ( . age range, where activation is just beginning and inactiWhile upstroke velocity has a strongly sublinear depenvation is pronounced. Hodgkin-Huxley gating predicts dence on sodium channel density at high densities (bea "window current" in this voltage range, arising from cause as sodium channel density increases, maximum the overlap of steady-state activation and inactivation upstroke is reached at times when progressively less curves. Since activation and inactivation are indepencomplete activation has occurred; Cohen et al., 1984), dent processes in this model, this window current can persistent current should be linearly related to channel be arbitrarily small, since channels can inactivate withdensity. Thus pacemaking and repetitive firing properout ever opening. In real sodium channels, however, ties can be expected to be much more sensitive to soinactivation is closely linked to activation and derives dium channel density than is upstroke velocity. its voltage dependence from the same gating charge
In all neurons where it has been measured, persistent movements driving activation (Bezanilla and Armstrong, current is found to activate over a voltage range signifi-1977; Armstrong and Bezanilla, 1977; Aldrich et al.,
cantly hyperpolarized compared to transient current. 1983). To a first approximation, channels activate before In tuberomammillary neurons, persistent current has a inactivating, so that current flows as channels reach midpoint of Ϫ56 mV while that of transient current is steady-state inactivation-a feature of obvious physionear Ϫ25 mV. In the model, persistent current has a logical importance at subthreshold voltages. However, different voltage dependence than transient current for while the basic coupling between activation and inactithe same reason that steady-state inactivation does: vation is very clear, a variety of experiments show that while both persistent current and inactivation reflect it is not strictly necessary for channels to actually open steady-state occupancy of various states, the amount en route to inactivation. The model in Figure 7 embodies of peak transient current depends critically on the kineta looser, allosteric coupling in which inactivation is faics of the activation and inactivation steps, and maximal vored by the progressive activation of the four pseupeak transient current can only be reached when activadosubunits of the main sodium channel molecule. tion is much faster than inactivation, occurring only with Both the model and experimental data suggest the large depolarizations. This explanation for the different activation ranges of persistent current and transient curexistence of a close relationship between the voltage rent is an alternative to the possibility that persistent cytes, NaV1.2 channels inactivate to a steady level of ‫%5.0ف‬ of peak, NaV1.1 channels to ‫,%2ف‬ and NaV1.6 current arises by a mode-shifting process in which channels occasionally lose the ability to inactivate altogether channels to 2%-4% ( The difference is that persistent current declines only channels in tuberomammillary neurons are unusual or specialized in producing a large amount of persistent moderately as membrane voltage is depolarized beyond where the currents reach a maximum, near Ϫ40 mV (e.g., current. In fact, the persistent current in tuberomammillary neurons appears to be smaller than in most other Figure 7B ), while the predicted window current declines sharply over this voltage range. However, the difference neurons, both in absolute levels and as a fraction of transient sodium current. Sodium current in tuberomamarises primarily because the fitted inactivation curves used to predict window current are assumed to decay millary neurons inactivates to a steady-state level of about 0.7% of the peak current (where inactivation is to zero, in line with the Hodgkin-Huxley equations. In fact, with sufficiently accurate measurements in any maximal, depolarized to Ϫ20 mV). This is more complete inactivation than that yet described for sodium current preparation, it is clear that inactivation is never complete. If it is recognized that channel availability (which in any preparation and can be compared to values of 0.8%-4% in hippocampal neurons ( , 1996) . We can speculate that the mechaexist, our results suggest that even normal sodium channism of such firing is similar to that of neurons like nels produce a persistent current large enough to be tuberomammillary neurons that lack the brake of a large physiologically important.
background potassium conductance to begin with. Our An unexpected feature of the interspike sodium curresults suggest that spontaneous activity of neurons rent recorded using spontaneous action potential wavecan be viewed, not as a special behavior requiring a forms is the presence of current immediately after spikes special complement of channels, but as the intrinsic at voltages as negative as Ϫ70 mV. No measurable perpropensity of all neurons that use sodium channels for sistent current (elicited by slow ramps) is evident at spike formation, requiring the presence of resting potasvoltages this negative, even with equivalent signal aversium channels to prevent or modulate this inherent tenaging. The origin of the postspike sodium current during dency. pacemaking is unclear. In cerebellar Purkinje neurons, a much larger postspike surge of sodium current results 
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